Both treatment of disease and basic studies of complex tissues can benefit from directing viral vector infection to specific cell types. We have used a unique cell targeting method to direct viral vector transduction to cerebral cortical neurons expressing the neuregulin (NRG) receptor ErbB4; both NRG and ErbB4 have been implicated in schizophrenia, and ErbB4 expression in cerebral cortex is known to be restricted to inhibitory neurons. We find that a bridge protein composed of the avian viral receptor TVB fused to NRG, along with EnvB-psuedotyped virus, is able to direct infection selectively to ErbB4-expressing inhibitory cortical neurons in vivo. Interestingly, although ErbB4 is expressed in a broad range of cortical inhibitory cell types, NRG-dependent infection is restricted to a more selective subset of inhibitory cell types. These results demonstrate a tool that can be used for further studies of NRG and ErbB receptors in brain circuits and demonstrate the feasibility for further development of related bridge proteins to target gene expression to other specific cell types in complex tissues. 
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neuregulin | rabies virus | avian virus receptor for subgroup B | lentivirus | EnvB I n recent years, there has been a significant increase in the development and use of genetic methods for the study of complex tissues. For example, the brain is composed of numerous structures, each of which is populated by multiple neuron types whose axons and dendrites are intimately intertwined. In such tissues, individual cell types each have unique functional roles, which are often difficult to assess independently because of the difficulty of monitoring or manipulating one cell type separately from the others. Genetic methods have proven to be very powerful for the study of such complex tissues, because it has been possible to generate mouse lines that express genes such as Cre-recombinase selectively in a particular cell type. These mice can then be combined with conditional expression of genes that allow the activities of the affected cells to be monitored or manipulated. For example, recently developed genetic tools for studies of the brain allow neuronal activity to be selectively assayed or altered and allow the connectivity of specific cell types to be identified (1) .
Despite the great utility of these tools for studies of mice, there is also a need to develop effective genetic strategies for targeting expression to specific cell types in species other than mice. For example, studies of the circuit mechanisms that mediate complex behavior in primates would benefit from cell type targeting in the brain (2) , and viral vector-based human gene therapy will have reduced side effects and greater efficacy if specific cell types are targeted. Incorporation of specific promoters into viral vectors has met with limited success, presumably in part due to the difficulty of identifying the relevant regulatory elements. We are not aware of any examples where selective expression has been achieved with a particular promoter element, and it has also been demonstrated that the selectivity did not arise at least in part because of endogenous tropism of the viral vector. For example, the α-CAM kinase promoter was thought to restrict expression to excitatory cortical neurons, but this restriction is only observed in the context of a lentiviral vector (3, 4) , which has an extremely strong tropism for excitatory neurons (5); the same promoter fails to restrict expression in the context of an AAV vector, which reliably infects inhibitory neurons (5) . Although there is promise for improved methods, there is also the likelihood that many genes are regulated by epigenetic mechanisms and, thus, the regulatory elements that control their expression cannot be exploited to achieve cell type-specific gene expression in the adult. Furthermore, many gene products are subject to posttranslational modifications that alter their functional properties, including binding of receptors to their various ligands. Thus, it might also be useful to target vector delivery to cells based on differential presentation of surface receptors, regardless of the species being studied.
An alternative to transcriptional control of gene expression is "transductional targeting," which uses engineering of viral vectors to selectively infect cell types of interest. Several such approaches have been developed and demonstrated in cell culture (for review, see refs. 6 and 7), and more recently, to target B lymphocytes in the blood (8) or s.c.-injected tumor cells in vivo (9) . However, we are not aware of any successful demonstrations after injections into a complex solid tissue, such as the brain, in vivo. Here, we target gene expression to a specific subset of inhibitory neurons in the cerebral cortex, using a targeting system and vector first described and demonstrated in cultured cells by Snitkovsky et al. (10) . They generated a bridge protein composed of the avian virus (ASLV-A) receptor for subgroup A (TVA) fused to the EGF-like region of neuregulin β1 (TVA-NRG1), to target viral infection to cells expressing neuregulin receptors, called ErbBs. We chose to use an ASLV-B receptor for subgroup B (TVB)-NRG1 bridge protein (10) to target ErbB4 expressing neurons in the cerebral cortex because several lines of evidence indicated that it might be possible to target gene expression to a specific subpopulation of neurons expressing ErbB4 receptors and because both ErbB4 and its ligand (NRG) are implicated in schizophrenia (11) . TVB-based bridge proteins were used because, unlike TVA-bridge proteins, they can support virus entry when first loaded onto virions as opposed to cell surfaces (12) .
Several lines of evidence have implicated disorders of inhibitory cortical circuitry in schizophrenia (13) . At the same time, recent evidence has shown that schizophrenia is associated with mutations in both NRG and ErbB4 receptors (11) . Visualization of the neocortical pattern of ErbB4 expression in the Allen Brain Atlas (http://mouse.brain-map.org/brain/Erbb4.html), and antibody staining in the hippocampus (14, 15) and cortex (16, 17) , indicate that expression of this receptor is restricted to inhibitory neurons, but not necessarily to particular types out of the dozens of distinct inhibitory neocortical cell types (18) . Furthermore, functional studies in cortical brain slices show that NRG1 potentiates the release of GABA from parvalbumin (PV)-positive inhibitory neurons, enhancing their effects on postsynaptic pyramidal neurons (19, 20) . Although the role of NRG and ErbB4 signaling in other cortical inhibitory cell types remains poorly understood, it appears likely that there are differences in the way that various types of ErbB4-expressing inhibitory neurons respond to NRG (16) . Perhaps functional interactions with NRG differ between ErbB4-expressing inhibitory neuron types.
We aimed to target cortical ErbB4-expressing neurons for transgene expression in vivo by using an EnvB-pseudotyped virus and the TVB-NRG1 bridge protein (10) . With such a system, it is expected that viral infection might be biased to cells that have particular types of functional interactions with NRG. (See Fig. S1 for a schematic illustration.) We find that the TVB-NRG1 bridge protein successfully targets viral infection selectively to ErbB4-expressing cortical neurons. Subsequent characterization of these cells demonstrates that they are in fact a highly selected subset of cortical inhibitory neurons. These cells have diverse dendritic morphologies, which are both multipolar and bipolar, but are restricted in their expression of characteristic neurochemical markers. Despite the fact that the classical markers PV, somatostatin (SST), and calretinin (CR) all overlap with ErbB4 expression in the cortex (16, 17) , cells infected via the TVB-NRG1 bridge protein are negative for SST and only rarely positive for PV, whereas most are positive for CR and/or vasoactive intestinal peptide (VIP). These results therefore demonstrate the successful application of bridge protein targeting of a viral vector to selected cells within a complex tissue in vivo. This targeting strategy should be of general utility for targeting other cell types, and the TVB-NRG1 bridge protein, in particular, provides a unique tool for the further investigation of a selected subset of cortical inhibitory neurons and NRG-sensitive cells in other brain areas.
Results
The results presented here are based on the analysis of mouse or rat cortical tissue 3 d after in vivo cerebral cortical injections of a mixture TVB-NRG1 (10) and EnvB-pseudotyped, G-deleted rabies virus (RV) (see Methods and ref. 21) , as well as related control conditions. Identification of infected cells with G-deleted rabies virus was assessed by expression of GFP or mCherry from the rabies genome. The G-deleted rabies was used because it is a highly sensitive method for monitoring infection and results in complete filling of infected cells with GFP or mCherry, allowing detailed morphological observations (22) . Importantly, unlike wild-type rabies virus, the G-deleted rabies does not spread from directly infected cells to other nearby or distant cells (22, 23) .
Morphology and Distribution of Cortical Cells Infected by TVB-NRG1
and EnvB Pseudotyped RV. To test whether virus infection mediated by the TVB-NRG1 bridge protein is able to target specific neuron types in vivo, we used EnvB-pseudotyped RV mixed with the TVB-NRG1 bridge protein as an inoculum and injected it into the adult mouse cortex. Three days after injection, animals were perfused and the brains sectioned and stained. We hypothesized that this was likely to result in the selective expression of reporter gene (GFP or mCherry) in a subset of cortical inhibitory neurons. To assess this possibility, our first observations were the distribution and morphologies of neurons infected in the presence of TVB-NRG1 and under control conditions. These experiments used a GFP-expressing virus (EnvB-GFP-RV). In both the immediate vicinity of the injection site and in surrounding regions up to >2 mm away, many GFP-positive cells were detected as shown in Fig. 1 and bies virus (22) , GFP completely filled the cells' processes, allowing visual assessment of morphological details (Fig. 1) . In the immediate vicinity of the injection (within ≈300 μm), labeled cells sometimes had morphologies characteristic of both glia and neurons (Fig. S2B) . We therefore focused more detailed analyses on cells >300 μm and up to 2 mm laterally from the injections where glia-like labeling was rare (e.g., Fig. S2C ). In these locations, the GFP-filled cells were distributed throughout the cortical layers and had the morphological features of a diverse group of cortical inhibitory neurons (Fig. 1) . In particular, labeled neurons were aspinous and nonpyramidal, strongly suggesting that they were exclusively inhibitory. Such preferential labeling is not expected by chance because only ≈15-20% of cortical neurons in the mouse are inhibitory (5). Outside of layer 1, most labeled cells had a bipolar dendritic morphology (only two primary dendritic processes extending from the cell body) (Fig. 1D ). This morphology strongly suggested that these neurons were likely to express calretinin and/ or VIP (18) . In addition, multipolar neurons were also relatively common (Fig. 1C) . Layer 1 neurons were exclusively multipolar ( Fig. 1 E and F) . A quantitative analysis of GFP-positive neurons from every 24th section revealed that, although cells were located throughout the cortical layers, 46% (189/415 GFP+ neurons in layer 1/GFP positive neurons in all layers) of GFP-positive cells were located in layer 1. Qualitatively similar results were observed 3 d after injections of TVB-NRG1 and EnvB-GFP-RV into the rat cerebral cortex (Fig. S3) , indicating that the highly selective transduction of neurons is not unique to mouse cortex. Previous studies using TVA or TVB bridge proteins along with EnvA-or EnvB-pseudotyped retrovirus to infect cultured cells (10, 12) suggest that the utility of this strategy can likely be extended to numerous enveloped viral vectors, including lentiviruses. Because lentiviruses are very useful for long-term and stable gene expression, we also assessed infection of mouse cortical neurons in vivo by using the TVB-NRG1 bridge protein and EnvB-pseudotyped lentivirus (EnvB-LV-GFP). Two weeks after cortical injections, GFP-expressing neurons were seen sparsely scattered throughout the cortical layers in a distribution similar to that observed after rabies injections (Fig. S4) . However, as expected from the fact that replication-competent rabies virus generates very high levels of gene expression, and levels of gene expression from lentivirus are likely to be lower and depend on the site of integration into the host cell genome, fewer cells were labeled, GFP expression levels were variable but relatively low, and for most infected cells, detailed morphology could not be visualized. Nevertheless, labeling quality was sufficient to indicate that infected cells were not excitatory pyramidal neurons, and nearly all had small round cell bodies typical of inhibitory cortical neurons. The rare cells that were particularly well-filled with GFP had clear bipolar morphologies similar to those observed after rabies labeling. Although some cells with glial morphology could be seen (e.g., Fig. S4A ), such labeling in the immediate vicinity of the injection site was far lower than with rabies virus. Thus, insofar as could be determined by the quality of labeling using these methods, TVB-NRG1 bridge protein-mediated infection with EnvB-LV-GFP was directed predominantly to cortical inhibitory neurons, similar to those infected with EnvB-GFP-RV.
We focus the remainder of our descriptions on infection of neurons by using rabies virus in mouse cortex because this virus allowed better visualization of the detailed morphology of infected cells and more definitive identification of cortical cell types by using mouse lines that express GFP in selected cell types (see below). a quantitative analysis of the proportion of neurons expressing GFP after TVB-NRG1-mediated rabies virus infection, in which in situ hybridization demonstrates expression of ErbB4 mRNA. Briefly, as illustrated in Fig. 2 , TVB-NRG1-mediated infection was highly selective for ErbB4-expressing neurons. Quantification of the percentage of GFP-positive cells in which ErbB4 mRNA could be detected revealed that 72% (331/459) were clearly double-labeled. Because of the stringent criteria adopted and limitations of the labeling methods used, this is a conservative estimate (SI Methods).
Characterization of the Neuron Types Selectively Infected by the TVB-NRG1 Bridge Protein. The morphological analyses described above ( Fig. 1 ) strongly suggest that TVB-NRG1-mediated EnvB-RV infection selectively targets inhibitory neurons in the cerebral cortex. To more definitively assess what cell types were infected, EnvB-RV-expressing mCherry (EnvB-mCh-RV) was used instead of EnvB-GFP-RV. This virus facilitated identification of inhibitory neurons by using a line of GAD67 GFP knock-in mice, in which the great majority of inhibitory cortical neurons express GFP (24) . After injections of TVB-NRG1 and EnvB-mCh-RV into the cortex of these mice, the distributions and morphologies of mCherry-expressing cells (Fig. 3 A and D) were indistinguishable from that described above by using the EnvB-GFP-RV (Fig. 1) . As illustrated in Fig. 3 , mCh-expressing cells were detected in layer 1, where all neurons are inhibitory, and cells in deeper cortical layers all had the morphologies typical of inhibitory cortical neurons. Quantitative analyses revealed that 91% (311/343 = mCh+ and GFP+ double-labeled cells/all mCh+ cells) of mCh-expressing cells were also GFP-positive. This proportion is far higher than the value of ≈15% inhibitory neurons expected by chance (5). The majority of mCh-positive/GFP-negative cells were in layer 1 and had the appearance of glial or epithelial cells, which the analyses described above suggest are infected nonselectively. It is also possible that rabies infection and/or mechanical damage might reduce GFP expression, leading to a failure of detection in some infected inhibitory neurons, or that a small population of inhibitory neurons in GAD67 GFP knock-in mice may not express detectable GFP. Cortical inhibitory neurons can be further divided into at least a dozen distinct types (18) . In the mouse cortex, these types can be separated into three distinct nonoverlapping groups based on immunostaining for PV, SST, and VIP (25) . Another very useful marker, CR, largely overlaps with VIP, but also has partial overlap with SST (26) . We therefore used double-immunostaining for PV, SST, CR, or VIP and GFP to further characterize the inhibitory neurons infected by TVB-NRG1 and EnvB-GFP-RV. Because the neurons in layer 1 are typically not immunoreactive for the markers we used (27) , analyses were restricted to the cortical layers deeper than layer 1. Fig. 4 illustrates double labeling for GFP and CR (Fig. 4 A-C) or PV (Fig. 4 D-F) in cortical tissue sections from animals injected with EnvB-GFP-RV and TVB-NRG1. Although 39% (68/176) of GFP-positive cells were also positive for CR, only 4% (4/112) were positive for PV, and none (0/56) were positive for SST. The percentages for PV and SST are much lower than expected if all inhibitory cell types were infected according to their overall distributions within the cortex. Expected values for PV and SST under identical staining conditions are ≈30% and 20% of all inhibitory neurons, respectively (25) . Thus, TVB-NRG1 appears to preferentially infect PV-negative and SST-negative inhibitory neurons. The absence of infection of SST cells also argues that the CR-positive population is unlikely to include cells that express both CR and SST (26) . Instead, the CR-positive cells are likely to include those that also express VIP; ≈35% of VIP cells coexpress CR (25) .
Our quantitative analyses of VIP expression also clearly revealed that many cells infected with TVB-NRG1 and EnvB-GFP-RV express VIP (Fig. S5) . Overall, VIP antibody staining was detected in 23% (54/230) of GFP-expressing cells, indicating clear overlap between these populations. Nevertheless, the relatively poor quality of VIP staining relative to other antibodies (compare Fig. 4 with Fig. S5 ) led to uncertainty about the quantification of antibody/GFP double-staining, suggesting that the true percentage could be higher. In particular, VIP is present not only in cell bodies, but also in axon terminals, giving rise to high levels of "background" (axonal) tissue staining, against which it is sometimes difficult to discern clear cellular labeling (Fig. S5) . It is also possible that VIP is not detected at the cell body in some expressing cells because it is instead localized to the axons. Finally, it is also possible that infection with rabies virus decreased VIP immunostaining, leading to false negatives. This interpretation is consistent with previous studies in which neuropeptide expression appears to be decreased after rabies infection (28) .
In light of the possibility that decreased neuropeptide expression after rabies infection might have led to our failure to detect SST and PV in infected neurons, we also analyzed the neurons infected in "GIN" mice and "G42" mice, which express GFP selectively in SST-positive and PV-positive inhibitory cortical neurons, respectively (29) (30) (31) . Methods were similar to those described for GAD-67 GFP knock-in mice (see above). As with the antibody staining against SST or PV, no double-labeled cells were detected in the GIN mice (0/1,047), and only 2% (6/329) were detected in the G42 mice, further supporting the interpretation that TVB-NRG1 does not readily mediate infection of SST-or PV-positive inhibitory neurons.
Discussion
Genetic tools create powerful opportunities for both the study and treatment of complex tissues, such as the cerebral cortex, which contain a mixture of cell types each with unique functional roles.
The results presented here demonstrate the effectiveness of TVB-NRG1 bridge protein for selective viral transduction in a complex tissue in vivo. This first demonstration of targeted selective transduction in the brain suggests that this approach is also likely to be successful by using other bridge proteins to target different cell types. Furthermore, the results with TVB-NRG1 bridge protein in the cerebral cortex both provide tools for further studies of the roles of ErbB4 and NRG in neural circuit function and provide unique insight based on the initial observations using these tools. Relative to the widespread use of transgenic mice for achieving cell-type specific gene expression, the strategy described here has both advantages and limitations. Advantages include the ability to target cell types in species where production of transgenic animals is not practical (such as primates) or for therapeutic purposes in humans. It is also possible that transductional targeting might allow more selective targeting than with methods that are regulated by transcriptional machinery. For example, many mRNAs are subject to alternative splicing, and gene products are subject to posttranslational modification. It might therefore be possible to design bridge proteins that target receptors that are in a particular functional state, such that they will specifically bind to the presented ligand. Such selectivity might have been conferred in our experiments by using the TVB-NRG1 bridge protein. Although infection of cortical neurons was strongly biased against cells expressing PV and SST, there is good evidence that in both the hippocampus and neocortex, these cell types express mRNA for ErbB4, and/or ErbB4 protein (14) (15) (16) (17) . The more selective infection with the TVB-NRG1 bridge protein might result from targeting of cells that present ErbB4 receptor in a particular functional state or cellular compartment (e.g., exposed at the cell surface). The flip side of this selectivity is that the cell types that are transduced might not be entirely predictable from analyses of mRNA distributions. Although the bridge protein targeting approach shows tremendous promise, relative disadvantages also include the following: variabilities in the numbers or density of cells infected due to variability in injection parameters, mechanical damage that can occur during injections, and the difficulty of vector injection as compared with animal breeding.
In addition to the specific NRG1-mediated infection of inhibitory neurons that was observed, there was also nonspecific infection near the injection sites. The predominant form of nonspecific infection involved cells that had glial morphology. Given the low pH dependence of EnvB-mediated virus entry (32), we speculate that these events are due to a low level of nonspecific uptake of the pseudotyped rabies virus, followed by trafficking to an acidic endosomal compartment where virus-cell membrane fusion occurs.
Because TVB-NRG1 should be able to selectively deliver genetic material to ErbB4 interneurons by using a wide range of enveloped viral vectors, such as lentivirus (10) , this method should make the full range of burgeoning genetic technologies available for the study of these neurons (1) . For example, it should be possible to identify the sources of synaptic input to these cells (21) and to selectively manipulate their activity with optical and genetic methods (1) . And the ability to label these neurons with GFP, as illustrated here, will facilitate their targeting for electrophysiological studies both in brain slices and with two-photon targeted patching in vivo (33) . The TVB-NRG1 bridge protein may prove to be particularly valuable in facilitating experiments in nonmouse species, including nonhuman primates. Because the organization of the primate cortex is closer to that of humans than the mouse, studies of ErbB4 interneurons in a primate model is likely to provide useful insight. Such studies in mouse and primate models could also potentially facilitate the development of therapeutic strategies targeting the NRG/ErbB system.
Methods
Preparation of EnvB-Pseudotyped Rabies Virus and Lentivirus. Production and titer of EnvB-RV-GFP or mCherry was described except the cell line BHKEnvBGCD was used instead of BHK-EnvAGCD, the plasmid pAB6 instead of pAB7 (12) , and 293T-TVBS3 cells (34) instead of 293T-TVA800 (21) . The titers of the virus used in these studies were as follows: 3 × 10 7 transducing units (tu)/mL for EnvB-GFP-RV (assessed by FACscan); and 4 × 10 7 tu/mL for EnvBmCh-RV (assessed by manual counting). EnvB-LV-GFP was produced by using the method described (22) except the plasmid of pCI-EnvB instead of pHCMV-RabiesG.
Construction of TVB-Proline Linker and TVB Plasmids. To construct TVB-proline linker and TVB in pCI plasmid (Promega), PCR products were generated with the primer CACTATAGGCTAGCCTCGAGATGCGCT paired with TTATTACGG-TACCTTACCCCGGTCCCCCTAGGAGTT and TAATGCGGTACCTTAGCGGCCGTG-AGTGGAGGAGCTG, respectively, digested with NheI and KpnI, and replaced with the gene of TVBS3-NRG1 in pCI (35) .
Production of TVB-NRG1, TVB-Proline Linker, and TVB Protein. Cells (293T) were transfected with 12 μg of pCI plasmids carrying the genes of TVB-proline linker-Herb1 (35) (referred to in here as TVB-NRG1), TVB-proline linker, or TVB using Lipofectamine (Invitrogen). The media was changed 5 h after the transfection and collected 3 d after the transfection. After a brief centrifugation, the supernatants were used as a source of the proteins.
Stereotaxic Animal Injection and Perfusion. All procedures using live animals were approved by the Salk Institute Animal Care and Use Committee. Adult mice, ICR, GAD67-GFP knock-in, ErbB4
−/− ht + (referred to as "ErbB4 knockout" in the text), GAD67-GFP transgenic (GIN), or G42 mice described and adult Long Evans rat were anesthetized with an intramuscular injection of a mixture of ketamine and xylazine (3.6 mg/kg and 0.36 mg/kg, respectively). Approximately 9 μL of mixture of virus with the supernatant containing TVB-NRG1, TVB-proline linker, or TVB (1:10 volume, virus:supernatant for rabies and 1:1 for lentivirus) was stereotaxically injected to three adjacent locations in the frontal cortex (coordinates: 1-2 mm anterior, 2-3 mm lateral to bregma; depth, 0.7, 0.5, and 0.3 mm below the pia for mice and 2.5 mm anterior, 4 mm lateral to bregma; depth, 1.5, 1.0, and 0.5 mm below the pia) by using a glass pipette. Three days after injection of rabies virus or 2 wk after lentivirus, animals were overdosed with Nembutal (100 mg/kg IP), perfused, and brains were sectioned to a thickness of 40 μm on a freezing microtome (21) .
In Situ Hybridization Combined with Immunohistochemistry Against HeatDenatured GFP. In situ hybridization using DIG-labeled RNA and immunostaining of free-floating sections were described in ref. 36 . Briefly, free-floating brain sections were incubated with denatured antisense DIG-labeled RNA probe (Riboprobe ID:RP_050428_03_A12 in Allen Brain Atlas; http://developingmouse. brain-map.org/data/Erbb4/69672126.html) and then with sheep anti-DIG-AP-Fab (Roche) and rabbit anti-heat-denatured GFP antibodies (36) overnight at 4°C. After wash, brain sections were incubated with donkey cy2-conjugated anti-rabbit antibody (Jackson Immunoresearch Laboratories) followed by incubation with NBT/BCIP substrate solution. Then the brain sections were mounted on slides and coverslipped with AquaMount (Lerner Laboratories).
Fluorescent Immunohistochemistry and Image Acquisition. Brain sections were processed for immunochemistry by using the same procedures and antibodies described (25, 26) . The images from in situ hybridization combined with immunohistochemistry against heat denatured GFP were acquired with an Olympus BX51 microscope and MicroFire digital camera (Optronics). Images of GFP labeling combined with immunochemistry for inhibitory neuronspecific markers were acquired on a Nikon Optiphot II microscope and MicroFire digital camera (Optronics). The remaining images were acquired with a Leica confocal microscope (Leica TCS SP2 AOBS).
